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TRANSVERSE MOMENTUM DISTRIBUTIONS OF HADRONS

BARBARA JACAK

Los Alamoe National Laboratory

I. INTRODUCTION

The study of hadron production in heavy ion collision is essential to the search for
effects beyond independent nucleon-nucleon collision, for example the predicted phase
transition to quark matter. 1 Hadron distributions are known over a large range of trans-
verse momenta for p-p collisions, so a careful study of the differences can be made.

The transverse momentum distributions of hadrona may provide global information
about pnucleus and nucleus-nucleue collisions, such m the degree of thermalization
achieved,2 and perhaps provide evidence for collective expansion of the highly excited cen-
tral region. 3-s Comparison of the pt and transverse ream, mt, distributions of different
hadronic speciee are crucial to extract this kind of information. Hadronic pt spectra show
effects of the collision dynamics, such aa hard scattering procemee,e and pomibly rescatter-
ing of partons’ ae well u of the formed hadrons. * Such modifications have been observed
in p-nucleus collisions,g and can be expected to be important in nucleus-nucleus reactions.
The spectral shape changee arising in this manner cauee a background in efforts to extract
global information from hadronic P: spectra.

Lastly, there is an excess of pions observed at low pt in p-A and A-A collisions,l”’11
The origin of these soft pions is not yet well understood. The phenomenon represents a
major difference between p-p and nuclear collisions.

This paper is organized au follows: Section II shows measured hadron pt and rn~ dis-
tributions and comparea to expectations from thermal emission. Section HI introduces a
search for collective flow from theee distributions. Section IV reviews processes that affect
high p; hadron production, Section V shows the dependence of average pt ae a function of
charged particle multiplicity or Et, Section VI discumee the low p: enhancement in pion
croea sections, %ction VII preoents some conclusions.

II. THERMAL PICTURE OF HADRON DISTRIBUTIONS

Figure I dwwvs the pt spectra, do/dP~, of negati~a particlee meuured by the ~IEL1~s
collaboration in 200 GeV/A p+-W, O+ W and S+ W collisions. The events were selected via
a cut on the transverse energy meaaured in the HELIOS calorimeters and represent central
collisions (about 25 % of the geometrical croes section). The particles, predominantly pions,
were mecuured in the External Spectrometer in the rapidity range 1 < y < 1.9. The solid
line is a parametrization of the pion pt spectrum in minimum biae p-p collisions at the
same @. 12 The pion p: spectrum is cleariy quite different in p-p than in p-A and A-t\, And
cannot be described by a single exponential, ‘I’he iocal inver~e siope for S+-W diiti~ IQ :! 10

MeV/c for 0.5< p: < 1.5 GeV/c, and 85 MeV/c for 0,075< pt < 0,2s GeV/c, p-\’11 tIIM
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Fig, 1+ du/cfp~ for central collisions of p, O and S + W
at 200 GeV/A [11].



collisions result in excess pion production at pt > 1 GeV/c, first observed by Crcmin et al.g
From figures lb and lc, it is clear that the spectra from A-A collisions closely resemble
those from p-A.

There is also a significant rise in the cross section at low pt, visible in both p-A and
A-A collisions. This has been previously reported at more central vapidities in heavy-ion
collisions at CERN,10 in p-A collisions at Fermilab,13 for cosmic ray data, ~’ and in heavy

~5 This rise will be discussed in more detail below.ion collisions at Bevalac energies.

The particle distributions can also be plotted as a function of transverse maas,

The invariant cross section is dNfdpf = dN/dmt. Purely thermal radiation produces
particle spectra which, if plotted logarithmically against mt, fall almost on a straight line,
with a very slight convex modulation. Emission of particlea from a system varying in
temperature, such aa a system undergoing cooling, would be better described as a straight

3j2d~/dmt vs mt.line in I/mt 8 These expectations of spectral shapes from purely thermal
hadron emission have been compared to the distributions of n, K, and p in p-p collisions
at W= 23 GeV. 12 It is important to note that the p: distributions look approximately
thermal up to pt = 1 - 1,5 GeV/c, above which a power law dependence is observed.
This shift in spectral shape is expected from the onset of hard scattering processes, and
limits the p: or mt range in which we may compare to expectations from thermal hadron
emission. The distributions for the various hadrom have approximately the same slope in
m:, and have been described as obeying “mt scaling.” The data do not quite fall upon a

universal curve; the cross sections vary by factors of 2-5 from each other. There has been
some controversy on whether mt scaling means that distributions form a universal curve
or whether it merely implies that different mass hadrons have the same mt slope.

Charged particle spectra have also been studied in $- P cdieiom at @ = 200 @V

. 1,8 TeV. 18’17Again, the hadrons of different messes show mt spectra with very sire; lar
slopeao

Figure 2 shows l/m~12dN/dmt WI mt for n, K, p and A measured by the NA35 collabo-
ration in 200 GeV/A O + Au and S + S collisions. ‘* The extracted inverse slopes are in the

range 180 to 220 MeV, The curvee are linear, with the exception of the soft pions as shown
above, and are very nearly parallel. For S+S the proton mt spectrum is somewhat flatter
than that of the other particlea, Figure 3 shows the mt spectra for m, K and p measured
in 14.6 CeV/A S! + Au COIMOM by the E802 coUaboration,l* At this energy there is an
even more striking difference in the proton distribution from that of the pions: the proton
inveree slope is 190 MeV, compared to 130 MeV for x. Though the pion and kaon (1is t.ri-
butiom might be conaiatent with thermal emission, the protons clearly are not. This i~ not

surprising M the data are measured in the rapidity range y = 1.2- 1.4 for an asymtr;tt, ric
system, At this rapidity one would expect a significant contribution from protons ~1r:),t‘ d
from the target remnant heated by rescattering of the produced particlea. EVCII f‘: Igh

there in complete stopping of the projectile by the target nucleus at these encrgi~’~~~ Iil~?
fireball does not include the entire target, so the observed spectra should includ~’ ; ~ :!s
from the target spectator as w u from the fireball. This hae been demonstr;~f{’: I‘,11
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Fig. 2, Distributions of mt for m, K“, p and A in O+AU and S+S collisions at 200
GeV/A [18].
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p-nucleus data from E802. They find that the proton mt spectra are very similar to pions
in p+Be collisions, but are flatter in p+ Au. 21 Kaon production is probably also influenced
by rescattering with the baryons in the fireball and the target remnant20-22 and should

not be purely thermal.

Consequently, comparison to thermal models may only be made in an appropriate pt or
m: and rapidity region, which is free of hadrons formed by other processes. At bombarding
energies of 15 GeV/A this is difficult due to the small rapidity difference between the

projectile and the target. At higher energies, the rapidity difference might be adequate to
separate the central and target regions, but careful selection of the mt range is necessary

to exclude other processes. Rescattering effects should not be important in p-p collisions,

but it is not clear that a thermal picture of hadron production in p-p collisions is sensible.

III. COLLECTIVE FLOW EFFECTS

If the hadrons are emitted from a fully thermaiized system, deviations from exponential
mt distributions would indicate the presence of collective effects, such se transverse flow.3’5

Transverse flow would be evident upon comparing nat distributions of different hadrons
because a collective flow velocity increases the hadron momenta as a function of the hadron
mass, while the average thermal momentum is independent of hadronic mass for a fixed
temperature sources

Lee, Heinz and Schnedermann have performed calculations of the hadron spectra ex-
pected in such a scenario, and compared with the data discusssd above.s Their model
begins with a fireball in thermal and chemical equilibrium, with zero strangeness and ini-
tial energy and baryon densities from geometrical considerations. Using the equation of
state of either a hadron resonance gaa or a gaa of free quarks and gluons, the isentropic
expansio~. is calculated. The hadron pt (or mt) spectra arise from the local thermal distri-
bution folded with the freezeout surface. The freezeout time is calculated by comparison of’
the scattering time and expansion time at each point in the system. A parabolic velocity
profile of the surface expansion is used.

The resulting spectra of l/m~’a dlV/dmt vs mt are compared with the data from S+S
collisions in Figure 4. The rnt spectra are normalized to each other at m. of each particle.
The curves then fall on top of one another, showing a universal slope vs rnt distribution.
Pions show additional curvature at low mt, where the other particles can be approximated
by an exponential, Fitting the entire curve, including the curvature at low and high m~,
Lee, Heinz and Schnedermann infer a radial flow velocity of 0.43 c in a system with initial

energy density of 1 GeV/fm3, temperature of 161 MeV and final temperature of 112 \l c*V,

The flow velocity is a very seneitive function of the curvature in the spectrum, and :1 !he
curvature at low mt is accounted for by different processes, the extracted flow velocity is

much smaller.23

IV. HIGH Pt HADRON PRODUCTION

The increase in pion production at high p: is observed in both p-A and A-A (’()]: ~ IIIS

and can be associated with the ‘anomaloun enhancement) of high pt hadron pn;( ! .( I~)n
in p-nucleus interactions, discovered by Cronin, et al.’g They found that the ir, 4‘>’(!

cross section can be parametrized by a power law dependence on tha target ‘‘ \,
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do/dp: - An(P’). The high pt excess in nucleus-nucleus collisions was parametrized by
HEL1OS in terms of both the target mass, A and projectile mass B, as (A13)n(P’). This
was interpreted as a dependence of the Cronin effect on the projectile analogous to that

on the target. lt has been suggested that the Cronin effect is due to multiple scattering

of the partons before hadronization .7 The effect can also be reproduced by rescattering of
the formed pions with the target spectator nucleons.8

At pt > 1.5 GeV/c, the hadron spectra continue to follow a power law distribution.
This is shown in F@re 5 for @- p collisions at ~fi = 1.8 TeV, measured at FNAL by
Alexopoulos, et al. 17 The same kind of spectral shape was observed in nucleus- nucleus

collisions by WA80 at CERN,24 via a measurement of photons from the decay of n“’s. The

power law shape at large P:, above the Cronin effect, is usually attributed to the onset of
hard scattering processes.

It is clear that a search for global collision properties from the hadron pt distributions
can be very misleading if one looks in regions of pt that are influenced by other factors.
Such searches should be confined to the approximately exponential section of the spectra,
corresponding to pt - .4 - 1-1.5 GeV/c. The proton spectra are probably even more
complicated due to re.scattering effects.

V. < Pt > AS A FUNCTION OF ENERGY DENSITY

The dependence of the transverse momenta of hadrons on multiplicity or l?: in heavy

ion colhsiom indicates the dependence of the temperature of the system, if it is thermalized,

on the energy density. Naively, one would expect the temperature to rise linearly with the

energy density in a pure hadron gas. ‘1 a phase transition were to take place, one would

expect an initial rise, then a plateau at the region of phaee coexistence, followed by a

second rise due to the pure quark phase. Such an effect waa predicted to be one of the

first experimentally accessible signals of a phase transition.2s

Experimentally, such studies require the assumption that < p: > of pions reflects
the system temperature, and that increswing charged particle multiplicity, or transverse
energy produced in the collision signifies increasing energy density, Figure 6 shows the

distributions of iT, K, and P < pt > vs charged particle multiplicity for @- p collisions at
W = 1.8 TeV.17 The calculation of < pt > was made for particles with pt <1.5 GeV/c, so
the values should not be influenced by hard scattering. For pions < pt > initia!ly increases
with NC then stays constant. No second rise is observed. Kaone behave very similarly to
the pions; the plateau begins at the same NC CMfor pions, though it appears to be somewhat
less flat. < Pt > for $ rime linearly with NC, over the entire range, It is interesting to note

that the plateau values are about 375 MeV/c for pions, 525 for bans and < pt >-- 625
for $. The hydrodynarnical model, including a phsee transition, of Kataja, et al. predicts

valuee of 350-400 MeV/c for pions, 600-700 for kaona and &XMXXlfor protons,’ Ho\v(Iver,
simple models for string fragmentation, which have nothing to do with a thermal syst rrr],
also predict increasing values of < p: > for heavier hadrons. In e+e- collisions, the . ~)~z
of pions inside jets above 10 GeV is also in the 300-400 MeV region, indicating tl~i~t ! IIe

value of c pt > is not very dependent on the system giving rise to the pion~.

Figure 7 shows the dependence of < pt > on charged particle multiplicity i’(,r ‘ I L.y

ion collisions, mesaured by WA80a4 for 200 GeV/A O and S collisions, An initi.ti ~ 1 of
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< pt >, foliowed by a flattening is also seen. HELIOS has measured < pt > as a function
of L’t to large values of IIc,11 and observed a long plateau in pion c pt >. However, just as
in P - p there is no second rise. In heavy ion collisions, it is not completely clear at which
point incre~ing multiplicity or E’t indicates increasing energy density. Presumably this

should set in once the impact parameter is small enough for the projectile to fully overlap
the target, i.e. at the “knee” of the multiplicity or Et distribution. The plateau definitely
extends beyond this point.

The plateau in < pt > may be interpreted either in hydrodynamic or in microscopic
models. Hydrodynamic models including a phase transition produce a constant or rela-
tively constant < pt >, as the hydrodynamicai expansion effects are not extremely large
at energy densities near the critical density.4’26 If only longitudinal expansion takes place,
then even a pure hadron phase could have < pt > independent of energy density. However,
numerical calculations for a pure hadron phase show a transverse expansion,’ resulting in
a < pt > rise of at least 30% over the energy density range reached in these experiments.
Microscopic models can give approximately constant < pt >, since the hadronization pr-
cess masks the increased < pt > of the partons arising from the many parton interactions
that lead to high values of &. Consequently, the interpretation of the observed constant
< pt > remains somewhat ambiguous.

VI. LGW Pt ENHANCEMENT

An excess of soft pion production (pt c 300 MeV/c), compared to p-p collisions is
observed at 1 < ~ < 2 in p-W, O-W and S-W collisions.11 HELIOS has seen the low pt

excess in both positive and negative pion distributions. Approximately 40-s0% of all pions
are in. this region. The low pt enhancement is observed in both positive and negative pions.
A similar, though somewhat smaller, excess is reported by NA35 in negative particle pt

spectra at 2< y <3. lo Identification of pions via time-of-flight by HELIOS indicates that
this excess is not due to electrons from conversion of n“’s. It is important to note that this
excess is visible in pt distributions in fixed intervals of rapidity but not in fixed intervals of
pseudorapidity. For soft pions, pseudorapidi~ is not equal to rapidity, but rather, y < q.
A fixed pseudorapidity interval includes low pt pions only at very low y. The number of
soft pions observed is then dominated by the pion rapidity distribution and is very small
due to the low pion dN/dy at small y.

An excess of soft pions was also observed in high multiplicity p - p and a – a collisions
at the I!3R.27 Figure 8 shows the normalized semi-inclusive p: distributions, diV/dpt, of
charged particles produced in the central rapidity regicm. The distributions are shown for
different binz of the charged particle multiplicity and are normalized to the full inclusive
distribution. Both the p - p and a – a results show an excess of low pt particles in high
multiplicity events; this excess is considerably smaller than that in p-A and A-A collisions,
however.

A number of theoretical explanations have been proposed for the low pt excess, l,ee

and Heinz,3 and Atwater et all’ point out that such a a modification of the spw t ral
shape could occur due to collective transverse flow, However, one would expect d i ITIIr$)nt
flow effects in central nucleus-nucleus collisions than in p-A or p-p, so a systernat ic . !‘l’iy

of the magnitude of the flow velocity au a function of projectile and impact pararll~’t I r is
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necessary. Though the iow pt excess is smaller in p-p collisions than in nucleus-nucleus,
p-W spectra are nearly identical to those in O-W and S-W.l 1

Shuryak has proposed that the pion dispersion relation could be modified inside had-

2s The pion interactionronic matter, making it more difficult for pions to leave the system.
becomes attractive, similar to the idea of pion condensation. Such an effect would explain
observed soft photon emission in addition to the low pt enhancement in pion distributions.
The pion dispersion relation has been extensively tested for cold nuclear matter at normal

density at LAMl?F. For example, a search was made for an enhancement in polarization
transfer in p-nucleus collisions at 500 MeV.2g Such an enhancement would be expected
if there were an attractive potential for pions in nuclear matter; no effect was seen in
comparing H, Ca and Pb targets. Consequently, t~e pion dispersion relation would need

to have a very strong temperature dependence to explain the low pt excess. In addition, a
hot and dense system would have to be formed in p-W collisions, where a large excess is
observed.

Formation of small droplets of cold quark matter, which decay into many pions, has

been proposed by Van Hove. 30 Such an effect would be largest at midrapidi~, but the

data imply that the excess is dominantly a target rapidi~ effect. 11131Formation of pions

hy resonance decays such as p, N*, and A covld give rise to soft pions. The if’ and A

effects would be largest at the target rapidity sa that is the region with the most baryons.
Though the A channel also aborbs pions, caacading in the target nucleus might produce
enough N“ resonances to account for the observed pions. Clearly this mechanism would
yield soft pions near the target rapidity, in agreement with the data. Detailed modeling
needs to be done to test this hypothesis quantitatively.

VII. CONCLUSIONS

Hadron pt spectra arc influenced by various processes, which must be taken into account
before drawing conclusions about global properties of nucleus-nucleus collisions. Hard

scattering effects at pt > 2 GeV/c and the Cronin effect above pt ~ 1.5 GeV/c limit the

p: range which might be thermal, The excess of pionrn at low pt, most likely from a non-
thermal source, requires a low pt threshold. This leaves a pt range of.4 -1,5 CieV/c where
one might look for thermal and collective flow effects. Aft scaling holds approximately
in this region, but this is true for minimum bias p-p as well aa nucleus-nucleus collisions.
Thermal interpretation of the spectra mast explain formation of a therrnalimd system
in this case. In the nucleus-nucleus collisions studied to date, baryon distributions show
rescattering effects arising from target spectators. Only in central collisions of symmetric
systems at large bombarding energies can the baryon distributions be used to look for

evidence of thermalizatiom If we were convinced that thermalization were achieved in the
central region, then the multiplicity (or Et) dependence of < pt > would indicate that

a mixed phase hm been reached. Unfortunately, the interpretation of the results at th i~
point remains ambiguous.

The excess pion production at low pt is not yet fully understood, but the data inlply

that it is an effect dominated by the target region, Formation of baryon resonances hcav ier
than the A may provide the explanation for these pions.
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